A novel method based on three-dimensional profilometry data and Matlab analysis software is described to identify surface features on cold-rolled stainless steel strip. The aim of the method is to detect automatically pits and roll marks that can be observed in optical or SEM micrographs. Pits are identified by locating regions which are significantly deeper than the immediately adjacent surface. Deep or steep features which extend a significant distance in the direction of rolling are identified as roll marks. Results for typical cold-rolled stainless steel sheet show that the algorithms are effective in identifying the more obvious pits and roll marks. By suitable adjustment of the tolerances used in the analysis, the method can be tailored to detect less severe features. Application of the method, either for research purposes or routine industrial inspection, will require tuning of these tolerances to detect pits of the severity relevant to the end use of the strip. The methodology has been applied to a series of rolled strip samples to track the evolution of pits and roll marks during a schedule. Results show how the initially large area of deep pits is rapidly eliminated and transformed into shallow pits. The pit identification method is used to estimate the effect of trapped oil on lubrication. Results suggest that this expelled oil will contribute significantly to the lubrication of the surrounding area. Finally, a good correlation is demonstrated between strip surface reflectance measurements and the estimated pit area.
Introduction
Control of surface finish is a major concern in the manufacture of stainless steel strip. Prior to the cold-rolling operation, the hot band is annealed, shot-blast and pickled, leaving a comparatively rough and broken surface, as illustrated in the scanning electron micrograph of Fig. 1a . The bright finish or gloss required for many products is then generated during the cold-rolling operation on a cluster Sendzimir mill. The flattening of the strip asperities during rolling, particularly with a smooth roll surface, is greatly enhanced by the bulk deformation of the underlying material [1, 2] . As the strip is deformed, the deep features of the pickled surface are eliminated, to leave a large number of relatively shallow pits, as illustrated in Fig. 1b and c. These pits can significantly affect the visual appearance of the strip, and may also play an important role in trapping lu-bricant during subsequent sheet forming operations. During rolling, roll grinding marks can also be transferred to the strip to leave a surface finish on the strip, as illustrated in the optical micrograph Fig. 4a , which may be undesirable. Hydrodynamic entrainment of oil into the bite tends to keep the surfaces separated and prevents effective flattening of the asperities on the strip [3] [4] [5] . However, it also seems likely that a significant amount of lubricant is trapped in isolated pits on the strip surface. Build-up of hydrostatic pressure in this trapped oil will tend to prevent these features being eliminated. Experimental measurements by Mizuno and Okamoto [6] with an artificial rough work-piece surface show how trapped oil can be drawn out of the pits during the rolling process by the sliding action between the strip and the roll. An alternative approach considers the way in which oil is not completely trapped in the pits, but can flow out along channels in the rolling direction [7, 8] . Various experimental [9] [10] [11] and analytical [12] studies have considered these mechanisms, but the details of the lubrication mechanisms and the evolution of surface features remains unclear.
Previous studies to quantify the evolution of surface features during cold rolling have been limited. Gjønnes [13] used laser-scanning microscopy to identify grooves, roll [14] investigated the influence on the surface gloss of aluminium foil of oil pits, 'slags', roll marks and small depressions. They quantified these defects using two-dimensional scanning electron microscope and three-dimensional atomic force microscope observations, concluding that the dominant factor in determining surface gloss was oil pits. Kuznetsov [15] used a theoretical approach to derive a work-roll imprint factor, assessing the influence of work-roll wear on the formation of roll marks on the strip surface. Most of these studies relate to aluminium rolling. However, rolling of stainless steel strip differs significantly from aluminium rolling as the pickling and shot blasting processes used in steel rolling may introduce gross surface defects which then have to be removed. Current industrial practice in stainless steel rolling is to use surface reflectance and 'distinctness of image' tests to characterise the surface quality of rolled sheet. However, these techniques are sensitive to the surface chemistry, sheet roughness and angle of incidence, making accurate quantitative comparisons difficult. Moreover, such approaches provide no indication of the potential origin of poor surface quality. There is, therefore, an urgent need for alternative methods to be developed in order to better characterise the sheet surface quality. Recent advancements in surface profilometry (higher resolution, larger measurement areas and shorter measurement times) have made this possible. For example, Schmoeckel and Staeves [16] apply a functional filter to three-dimensional profilometry data to assess the tribological performance of steel sheet. Recent work by Le and Sutcliffe [17] describes a Fourier transform filtering technique to estimate the pit area on rolled aluminium sheet while Jiang et al. [18] apply wavelet analysis to surface roughness characterisation.
The aim of this paper is to use three dimensional profilometry to characterise the sheet quality based upon the detection of surface features. The methodology used to identify pertinent features is presented in detail, and illustrated by examining the evolution of these surface features during a typical pass schedule. Results are interpreted in terms of lubrication mechanisms and correlated with surface reflectance tests.
Experimental test procedure
Samples of austenitic stainless steel sheet, of width 1.3 m and initial thickness 4.0 mm, were collected at various intermediate stages of the manufacturing operation. The hot band was annealed, shot-blasted and pickled prior to being cold rolled in a 20-high Sendzimir mill to a final thickness of 1.5 mm. The work rolls, which were ≈50 mm in diameter, were ground after the first pass and then replaced with polished rolls towards the end of the schedule. A low-viscosity rolling oil with a kinematic viscosity <10cSt at 40 • C was used. Strip samples were collected from across the width of the strip at either end of the coil after selected passes. As the samples were collected from positions on the coil after mill stoppage, potential effects due to hydrodynamic lubrication (arising from the entraining action at normal rolling speeds) will not be present.
Surface profilometry
A Zygo three-dimensional white-light interferometeric profilometer was used to measure the surface roughness of the sheet samples. The instrument has maximum lateral and vertical resolutions of ≈0.5 m and 0.1 nm, respectively. Typically, the measurement area was 0.34 mm×0.26 mm. The data was recorded over an array of 320×240 pixels and the pixel spacing for the standard measurements was about 1.1 m. For the initial shot-blast surface, a larger measurement area of 2.75 mm×2.06 mm was used, with a correspondingly larger pixel spacing. The surface roughness of the work rolls was measured by replicating the roll surface using a 'press-on-film' supplied by Testex, consisting of a layer of crushable plastic microfoam on a polyester substrate. The film was placed on the roll surface and rubbed using a burnishing tool to transfer the roll topography to the film. The accuracy of the technique was verified by comparing the roughness measurements of a sheet surface and its corresponding replica. Measurements of the strip and roll surface for the various samples were repeated on three regions of each strip. No filtering of the profile data was used, except for subtraction of the mean plane. The initial roll roughness r.m.s. amplitude varied from 0.15 m for the earlier passes to 0.05 m towards the end of the schedule. The roughness of the rougher rolls decreased slightly during the pass schedule while the smoother rolls did not change significantly. The in-going strip had an r.m.s. roughness amplitude of 6.9 m, which was reduced to about 0.06 m after the final pass. Identification of surface features, as described in the following section, was carried out by importing surface height data from the profilometry measurements into the mathematical package Matlab for subsequent processing. Fig. 1a shows a scanning electron microscope (SEM) image of the in-going sheet after annealing, shot blasting and pickling. Various features can be observed, including shot-blast craters, fissures at the grain boundaries caused by preferential etching and micro-pitting within the grains. Fig. 1b and c show SEM images of the strip surface after an intermediate and the final passes, respectively, while Fig. 3a and Fig. 4a show the corresponding optical micrographs. For all these figures, the rolling direction runs in the vertical direction. Pits are typically 5-10 m in size. Although the size and frequency of the larger surface pits decrease during the rolling schedule, a significant number of small features persist after the final pass. The optical micrographs show clearly the way that the longitudinal roughness of the rolls, generated during roll grinding, is transferred to the strip surface as the strip conforms to the roll roughness in the bite.
Observation of surface features

Identification of surface features -methodology
The above section shows that the main features observed on these strip surface samples are pits and roll marks. Algorithms described in this section aim at identifying these features automatically, to allow a quick, accurate and objective quantification of the relative proportions of these features.
Identification of pits
A large number of dark, rather irregular pits can be observed on both the optical and SEM micrographs of Figs. 1, 3 and 4. Observations, both from such micrographs and from profilometry data, show that the size and depth of these pits changes during the rolling schedule, but that they are mainly characterised by having rather steep sides, so that the surface of a pit lies significantly below the adjacent surface. This is illustrated by a typical two-dimensional trace taken along the rolling direction (Fig. 2) . Algorithms are described below to identify such pits, based on this observation.
Consider a matrix containing surface height data obtained by three-dimensional profilometry. Elements of the matrix are denoted by h(i,j), where changes in the ith index represent variations in the rolling direction. To establish the mean surface height on either side of the current data point, we take the mean of n points at around a distance L away from the point under consideration. Taking a profile transverse to the rolling direction, the pit depth d t (i,j) relative to the surrounding area is thus given by 
Here, ∆ is the pixel spacing of the profilometer data (see Section 3). The spanning length L should be chosen to be greater than the width of a typical pit, with L/∆ an integer. A value of n=4 was found to be appropriate to estimate the height of the flat regions around the pit. A similar expression is used to estimate the pit depth d r (i,j) based on a profile in the rolling direction, with the summation of Eq. (1) now carried out over the ith index. The same values of the parameters L and n are used for this longitudinal direction. A given data point is identified as being in a pit when the depth of the pit is greater than a critical value. Because of the relatively thin oil films in the rolling operation, we expect the unpitted region to have an r.m.s. roughness R q close to that of the rolls. Hence, it is appropriate to scale the pit depth criterion by the roll roughness R qr , so that the criterion for identifying a pit becomes
where δ p is a dimensionless tolerance for the pit depth criterion, typically of the order one. In applying this tolerance, although significantly smoother rolls were used for the final passes, nevertheless the roughness of the rolls used for the earlier passes (i.e. 0.15 m) was used throughout. The effect of this is discussed in Section 6.2. To allow for the possibility of a neighbouring pit influencing the results of the above analysis, the procedure described was refined by repeating the analysis of equations (1) and (2), replacing L by L/5 and taking a value of n=2. Any points satisfying the criterion of Eq. (2) with either L and n=4 or L/5 and n=2 were included as pitted regions.
Having identified which pixels in an image are pits, the total pit area, expressed as a proportion of the total area of the sample, can be straightforwardly evaluated, as can the 'deep-pit area', for a pit depth below 0.5 m.
It is evident that it will be difficult to identify small pits whose depth is of the order of the roll roughness. The above method, using rather small values of n to identify a mean height, will suffer from inaccuracies in establishing a mean height. However, the obvious solution of taking more points to establish a mean height for the unpitted area does not necessarily lead to an increase in accuracy, as it becomes increasingly likely that the set of points used to find the plateau height now includes an adjacent pit. The above method was chosen as a compromise. The validity of the approach is justified and appropriate values for the tolerance parameters suggested in Section 6.1, where results are compared with visual observations of the pits.
Identification of roll marks
Section 4 shows how, as the strip is reduced in thickness, grind marks on the roll may be transferred to the strip. These roll marks are characterised by being long, straight valleys or peaks running in the direction of rolling. Although the roll surface has a distribution of asperity shapes, it is only those roll marks generated on the strip surface which have a large height, depth or slope which will significantly affect its visual appearance. Algorithms are described below which identify and quantify these roll marks, based on these observation.
The method described in Section 5.1 is used to assess the amplitude of the roll mark relative to the surrounding area at a distance L from the point under consideration, with the asperity depth d t (i,j) given by Eq. (2). For these relatively thin features, the number of points n averaged to find the height of the adjacent region was taken as 2. The slope θ(i,j), taking a profile in the transverse direction, is given by
A preliminary identification of roll marks is made by comparing the magnitude of the strip asperity depth and slope with an appropriate tolerance value. Hence, a preliminary identification matrix r(i,j) is given a value of one, representing a putative roll mark, when
r(i,j) is put equal to zero when the above criterion is false. The dimensionless tolerances, δ m , for the roll mark depth and φ for the slope, are of the order of one. As with the pit analysis, for all passes the parameters for the roll used in the initial and intermediate passes are taken. This has the effect required in practice of only picking up the severe roll marks coming from these rougher rolls, as discussed in Section 6.2. This roll has an roughness amplitude R qr of 0.15 m and a length scale λ r of 15 m (taking the distance at which the autocorrelation function falls to a value of 0.1), giving a typical slope R qr /λ r . of 0.01. Roll marks are characterised by extending significantly in the rolling direction. To verify this, the preliminary identification matrix r(i,j) is scanned to pick out any features which extend a distance approximately equal to M in the rolling direction, giving a final criterion for identifying roll marks as
where M should be chosen so that M/∆ is an integer. In practice it was found helpful to put equal to zero the height h(i,j) obtained from the three-dimensional profilometry for those pixels identified as pits, before using the above algorithm.
Identification of surface features -results
The methodology of feature identification described above is applied in Section 6.1 to typical strip samples. Emphasis is placed on relating visual observations to the features identified using the new algorithms. Section 6.2 applies the method to a series of passes to show how features evolve during the pass schedule. In Section 6.3, a sensitivity analysis is performed, to give guidance on an appropriate choice of the various parameters needed in the identification algorithm.
Application of the methodology to typical strip surfaces
In this section, the methodology of Section 5 is applied to strip samples taken after an intermediate and the final pass. Fig. 3a shows an optical micrograph of the sheet surface after an intermediate pass and Fig. 3b gives the corresponding surface map obtained from the profilometer, with the grey-scale intensity representing height according to the scale on the figure. The same part of the surface is covered in both Fig. 3a and b , with an area of view of 340 m×260 m. For this pass, the rougher 0.15 m rolls were used. The dark areas 2 shown on Fig. 3c mark the location of pits identified using the methodology of Section 5.1 with a pit depth tolerance δ p =0.33 (based on R qr =0.15 m) and pit spanning length L=27 m. Fig. 3d shows the relatively small number of pits deeper than 0.5 m, identified using the same parameters. Fig. 3e shows the effect on the estimate of the pit area of taking a larger pit depth tolerance δ p =0.66. A comparison of the visual plots, Fig. 3a and b with the analysis plots, shows that the pits observed on the strip surface are clearly identified using the larger depth pit tolerance δ p =0.66, Fig. 3e , confirming the effectiveness of the algorithm. With the smaller pit tolerance δ p =0.33, Fig. 3c , many smaller pits are identified, although it is likely that in this case the accuracy in identifying pits is reduced and some of these features are artefacts of the identification method. The location of pits identified using δ p =0.66 and L=27 m are marked by the shaded regions on Fig. 2 , which shows a typical profilometer trace taken along the rolling direction. This figure confirms that the deeper pits are clearly identified. The results for the smaller pits are less conclusive. In these cases, it is easier to judge the accuracy of the estimates by comparing the analysis with the optical and profilometry data (Fig. 3) . The value of spanning length L is selected as being slightly larger than the biggest pits observed.
An appropriate choice of pit tolerance depends on what purpose the pit quantification is to be used for. In many cases, only the larger pits identified using δ p =0.66 may be relevant. If even the smaller pits are important, the loss of accuracy for a value of δ p =0.33 in identifying the pit area may be acceptable. The sensitivity to these choices is further explored in the next section.
Similar results are shown in Fig. 4 for the final pass, which was rolled with the smoother rolls of roughness 0.05 m. An optical micrograph and corresponding surface map for this pass are given in Fig. 4a and b , while Fig. 4c shows the total pit area identified using L=27 m and δ p =0.33 (based on R qr =0.15 m). Pits seen on the visual plots are clearly observed using the identification algorithm. The depth tolerance parameter δ p has been based on the roughness of the rougher rolls used for the earlier passes, so as to be consistent with the results presented in the following section. A comparison of Fig. 3c and Fig. 4c , with the same nominal value of δ p =0.33, shows that the accuracy of the analysis is much greater for the final pass. In this case, a better indication of the reliability of the identification method would have been obtained by basing δ p on the actual roll roughness for this pass to give a value of δ p =1.0.
Turning to the identification of roll marks, Fig. 3f shows results on the strip sample taken after an intermediate pass, with a roll mark depth tolerance δ m =0.66, slope tolerance φ=10, spanning length L=16 m and roll mark length M=11 m. Dark areas on this figure correspond to roll marks below the mean surface, while light areas are roll Fig. 3a , shows that most work roll marks have been identified. As with the pit identification, smaller values for the various tolerances can be used to detect less obvious roll marks. Fig. 5 shows similar results for a replica taken from a freshly ground roll used during the intermediate passes, using the same algorithm tolerances as above. Again dark areas correspond to valleys on the replica, and hence to peaks on the roll surface. A comparison of Fig. 3f for the strip after an intermediate pass and 5 for the roll replica show that the pattern of grind marks on the work roll is very similar to that for the roll marks seen on the strip, confirming the origin of the roll marks. The relative area of grinding marks on the roll is ≈19%, similar to the roll mark area of 21% on the sheet surface for the intermediate pass.
Evolution of surface features during the pass schedule
The methodology described in Section 5 is applied to samples collected during the pass schedule, as described in Section 2, to track the evolution of surface features. To explore the effect of pit tolerance parameter on the pit analysis, values of δ p =0.33 or 0.60 are used throughout the pass schedule, with L=27 m. For the roll marks, values of δ m =0.66, φ=10, L=27 m and M=11 m are used. Fig. 6 shows the evolution of total pit area, deep pit area (for pits deeper than 0.5 m) and roll mark area during the pass schedule as a function of the overall reduction in strip thickness. It is worth remembering that the samples collected were taken from the ends of the coil (at reduced speed), so that these results may not be typical of strip rolled under normal conditions. Fig. 6 shows how the initially large area of deep pits, due to shot-blast damage and grain boundary etching, is rapidly reduced. After several passes most of these deep pits have been eliminated or transformed into shallower pits. In the final passes, the area of the shallower pits is further reduced.
Results are qualitatively similar for both values of the depth parameter δ p although the actual pit area is larger for the smaller value of δ p . Some of this difference in the later passes may be due to inaccuracies for δ p =0.33. Probably the value of total pit area with δ p =0.60 gives a more appropriate measure of the relevant pits (cf. the analyses of Fig. 3 ). The depth tolerance parameter has been defined for all passes using the R q of the rougher rolls used for the earlier passes. By using the same value of δ p throughout the pass schedule, this means that pits of the same absolute depth are identified. Since pit identification will be more accurate in the later passes where the smooth rolls are used, this would lead to a reduction in the estimated pit area at the change to the smoother rolls, irrespective of the actual changes. However, the results of Fig. 3 suggest that this effect is relatively insignificant using δ p =0.60. The alternative strategy of retaining the same value of δ p , but now based on the true roll roughness which changes through the pass schedule, would introduce its own difficulties, as the absolute value of the depth tolerance would now change significantly between passes.
The roll mark area stays relatively constant up to the final pass, as the strip conforms to the roll during bulk deformation. In the final pass, the strip now conforms to the much smoother roll surface and most of the roll marks left on the surface from previous passes are eliminated. For the sample taken after the final pass, it is useful to identify any grinding marks left from the intermediate passes which are not eliminated in the final pass. This is precisely the effect achieved in Fig. 6 , using tolerance parameters based on the roughness of the roll used for the first passes, as described in Section 5.2. Although we expect that any grinding marks on the smooth roll used in the final pass would be transferred to the strip, these small amplitude marks would not significantly affect the strip visual appearance.
Sensitivity analysis
Section 6.1 has demonstrated the applicability of the pit and roll mark identification methods. In this section, the sensitivity of results to the various parameters required is investigated. By presenting results for the pit area and roll mark as a proportion of the sample area, results should not be sensitive to the sample area as long as the measurement area is sufficiently large to be representative. A comparison of results for the area used, 340 m×260 m, with measure-ments at different magnifications confirmed that this size of area is adequate. Estimates of percentage pit area using measurements at three locations on the surface of a sample from one of the earlier passes typically varied by a maximum of ±3%, for a mean pit area of about 30%. Optical micrographs confirm that the pixel spacing of 1.1 m at the magnification used is adequate to resolve most of the relevant features on the surface. Although the geometry of the smaller pits will not be accurately defined, this is not considered to be a significant source of error.
In order to identify a mean height of the surrounding area, values of n=2 and 4 have been used for the pit-and-roll mark identifications, Eq. (1). These small values were chosen to avoid errors in estimating the plateau height by including adjacent pits in the calculation. With these rather small values, the mean height will not be accurate enough to give reliable estimates of pit area for shallow pits associated with small values of the tolerance parameters δ m and δ p . The results, Figs. 3-5, suggest that, for a value of d equal to 0.66, this source of error does not lead to significant errors in locating the pits and roll marks. For a value of δ p =0.33, Fig. 3c , it seems likely that some of the smaller pits are erroneously identified or are not detectable in the optical micrograph.
Pits
The pit identification procedure contains two parameters, the pit depth tolerance δ p and pit spanning length L. Two approaches are taken to assess an appropriate choice of these parameters, by comparison with observations and by a sensitivity analysis. Section 6.1 illustrates how the choice of pit-depth tolerance determines the number of pits detected, with a tolerance δ p =0.66 appropriate to identify only the more prominent pits, while δ p =0.33 could be used to include very small pits. Fig. 7 plots the effect of pit-depth tolerance δ p and spanning length L on the total pit area, for a sample taken after an intermediate pass. For very small δ p , a large number of very minor dimples on the surface are identified as pits. At the other extreme, with large δ p the analysis is insufficiently sensitive to pick up any of the features of importance. As discussed in Section 6.1, at an intermediate value of δ p =0.66 most of the relevant features are identi- fied. At a smaller value of δ p =0.33, some further small pits are identified, although some of these may be artefacts of the method. The value of pit area is sensitive to the exact choice of δ p , with the correct choice depending on what size and depth of pits are considered of relevance. Fig. 7 shows that, as long as L is greater than typical pit dimensions (e.g. L≥22 m), the analysis is not sensitive to this parameter.
Roll marks
A similar sensitivity analysis was performed for identification of roll marks. The parameters used in this algorithm are the roll-mark depth and slope tolerances δ m and φ and the roll-mark spanning length L. Similar results to those shown in Fig. 7 demonstrated that, as long as L is taken to be wider than the roll marks, results are insensitive to the choice of this parameter. For the surfaces studied here, L should be >16 m. The relative contributions of the height and slope criteria (Eq. (4)) to the roll-mark area, and the sensitivity to the choice of the depth tolerance δ p are given in Fig. 8 . This figure shows that the roll-mark area is sensitive to the choice of depth tolerances δ m . For small values of δ m , the roll-mark area increases significantly as virtually all the features on the strip surface are sufficiently deep, high or steep to 'count' as roll marks. Fig. 8 shows that, for a value of slope tolerance φ=10, the contribution from the slope criterion is small. As for the pit identification, the choice of δ m Fig. 9 . Oil film thickness due to trapped oil estimated by changes in the pit volume during rolling.
should be made based on the application. It is believed that only large or steep roll marks will affect the visual appearance, so that relatively large values of the depth and slope tolerances were chosen in the illustrative examples, Fig. 3f and Fig. 5 .
Section 5.2 explains how the length M is used to verify the features that extend significantly in the rolling direction. For the surfaces studied, a value of M=11 m was found to achieve the required effect. Results did not change significantly when M was increased to 32 m. The lower value is to be preferred, as this reduces the accuracy needed in aligning the samples before making interferometry measurements.
Estimate of lubrication conditions
As the samples were collected from positions on the coil with reduced rolling speeds, hydrodynamic lubrication effects due to the entraining action at normal rolling speeds will not be present. However, the amount of oil trapped in pits may still be representative of that at higher speeds. Hence, it is instructive to make some estimate, from the change in strip surface during rolling, of the way in which the trapped oil might be expelled from the pits and so contribute to the lubrication regime. Firstly, the methodology described in Section 5.1 is used to identify the location and depth of the pits for samples from each pass, using the parameters δ p =0.33 and L=27 m. It is unclear to what extent the oil can fill the pits at the entry to the bite, so that two alternatives were considered, either that the lubricant fills all the valleys or that pits are only filled up to a depth of 0.5 m. This latter assumption is based on the supposition that there may be insufficient time at the inlet for oil to fill up the deeper pits. The volume of oil trapped in the pits before and after each pass can then be estimated. The difference is oil which is expelled from the pits into the surrounding area during the pass. By supposing that this expelled oil spreads out over an area around the pit equal to the area of the pit itself, we can make an approximate estimate of the film thickness around the pits at the exit of the bite. Estimates of the film thickness due to expelled lubricant are shown in Fig. 9 , for the assumptions of either completely filled pits or pits which are partially filled to a depth of 0.5 m. Although this estimate of film thickness is very approximate, Fig. 9 indicates that there may be a substantial film of oil caused by this expelled lubricant, perhaps of the order of 0.1 m. By comparison, hydrodynamic entraining action at normal rolling speeds is only expected to generate films of the order of 0.01 m in thickness.
Effect of remnant features on sheet quality
Current industrial practice is to quantify sheet quality by measuring the surface reflectance. The gloss, defined as the percentage of incident light reflected back, was measured on the strip samples described in Section 2, at an incident angle of 20 • , using a standard reflectance measurement device. Typical results are shown in Fig. 10 , showing a gradual improvement in gloss with pass number. Also shown on Fig. 10 is the change in total pit area during the pass schedule, estimated using a value of δ p =0.33, showing how the increase in gloss correlates well with the reduction in pit area. This result demonstrates that a good understanding of the evolution of surface features is a key to modelling the industrially practical changes in surface reflectance.
Conclusions
A novel method has been described to identify surface features on cold-rolled stainless steel strip from three dimensional profilometry data. The aim of the approach is to detect and quantify automatically those features that can be observed in optical or SEM micrographs, to give quicker, more objective and more accurate results than visual methods. Algorithms for identifying pits and roll marks are developed, based on observations of these features on the strip surface. Results presented in Section 6 show that these algorithms are effective in identifying pits and roll marks for samples taken after an intermediate and the final passes of rolling. By suitable adjustment of the tolerances used in the analysis, the method can be tailored to detect less severe features, although there may be a loss of accuracy. The choice of tolerance will depend on the perceived importance of the size and depth of the features, as discussed in Section 6.3. It is expected that application of the method, either for research or quality control purposes, would require calibration against existing surface inspection methods, taking into account the surface requirements of the product.
The methodology is applied in Section 6.2 to a series of samples taken through a pass schedule. Results show how the initially large area of deep pits (i.e. >0.5 m in depth) is rapidly eliminated and transformed into shallow pits. These shallower pits are not eliminated effectively until the final passes where a smoother roll is used. Similarly, the roll mark area only falls significantly with use of the smoother roll. The pit identification method is used to estimate the effect of trapped oil on lubrication. By following the change in pit volume during the pass schedule it is possible to estimate how much oil is expelled from the pits during each pass. Results suggest that this expelled oil will contribute significantly to lubrication in the roll bite. A good correlation between strip surface reflectance and pit area is observed, illustrating that a good understanding of the evolution of surface features is a key to modelling the industrially practical changes in surface reflectance.
The method described in this paper gives similar results to the Fourier transform filtering method developed recently by Le and Sutcliffe [17] to identify pits on rolled aluminium strip. The simplicity in implementing that method makes it an attractive alternative to the work presented in this paper. The advantage of the current work is that it is easy to apply a variety of criteria tailored to the characteristics of the different features observed on the strip. The wavelet analysis method described by Jiang et al. [18] , although more complicated to implement, is also an useful alternative, as it can deal efficiently with features occurring at different length scales.
